Dynamics of a complete sample of small perihelion distance near-parabolic comets discovered in the years 2006 -2010 are studied (i.e. of 22 comets of q osc < 3.1 au).
INTRODUCTION
The origin of comets is a problem discussed for centuries but still not fully understood. An important element of this puzzle is a question of the observed source of near-parabolic comets. There are two important observational facts that should help us to find an answer. First is the almost perfectly spherically symmetric distribution of their perihelia directions, what has lead Hal Levison (1996) to call these comets nearly isotropic comets (NICs). The second is the striking distribution of their original (i.e. before entering the planetary zone) orbital energies, typically expressed in ity. As early as in 1978 Marsden et al. (hereafter MSE) formulated an opinion, that comets from the Oort spike "are probably making their first passage through the inner part of the solar system". They stressed (through the use of 'probably' in italic) that this is only a guess or assumption. This word was omitted in the majority of following papers and now is usually and incorrectly postulated that this is an obvious fact that comets having original barycentric semimajor axis greater than about 10 000 au (or even a few thousand au) are dynamically new. The simplest evidence for this to be erratic is the fact, that a significant percentage of future (when leaving planetary zone) semimajor axes of nearparabolic comets are still in the spike but potential observers during next perihelion passages cannot treat them as making their first visit among planets. The term Solar system transparency i.e. the probability that a near-parabolic comet would pass through the observability zone experiencing infinitesimal planetary perturbations was first proposed and discussed by Dybczyński (2004 Dybczyński ( , 2005 and recently also studied by Fouchard et al. 2013 . They showed the dependence of this probability on a perihelion distance and estimated it to vary from almost zero for smallest perihelion distances, through 20 per cent at q = 5 au up to 70 per cent at q = 10 au. The study of motion of the observed large perihelion distance LPCs through the zone of strong planetary perturbations, often called the Jupiter-Saturn barrier, was also recently carried by present authors (Dybczyński & Królikowska 2011, hereafter Paper 2) . In the observed sample of LPCs examined by us so far (i.e. 108 LPCs of 1/a ori < 10 −4 au −1 ) we estimated the Solar system transparency to be on the level of 14 per cent.
In the current paper we will use both terms: 'near-parabolic comets' and 'long period comets', as well as the abbreviation LPCs, treating them as equivalent.
There is another strong evidence that not all Oort spike comets make their first visit into the planetary zone. The significant per cent of the previous perihelia obtained from the detailed studies of their past dynamical evolution are placed well inside the planetary zone (e.g. Paper 2, and Królikowska & Dybczyński 2010 , hereafter Paper 1). Formulating his hypothesis, Oort (1950) assumed that near-parabolic comets moving on Keplerian orbits outside the planetary perturbation zone are sometimes (mostly near an aphelion) perturbed by passing stars. Since that time, our knowledge on their dynamics has significantly increased, mainly by recognizing the importance of the Galactic perturbations in their motion (see Dones et al. 2004 for a review). Using the first order approximation, one can see that the strength of the Galactic perturbation on a perihelion distance scales with a 7/2 (Dones et al. 2004) . Basing on 53 observed LPCs with q 3.0 au we estimated this relation to be ∆q ∼ a 4.06±0.16 , see Paper 2 for details. While early estimations of the Galactic disc matter density ρ lead to the conclusion that for a comet to 'jump over' the Jupiter-Saturn barrier in one orbital period it is sufficient to have the semimajor axis a > 10 000 au, the contemporary value of ρ = 0.100 M ⊙ pc −3 makes this limiting semimajor axis value much larger, typically 20 000 -28 000 au (Levison et al. 2001; Dones et al. 2004; Morbidelli 2005) .
Nowadays it is clear that information about the 1/a ori -value is not sufficient to determine the dynamical status of so-called Oort spike comets and the previous perihelion distance must be inspected as we postulate starting from the paper by Dybczyński (2001) and what previously was discussed by Yabushita (1989) . In his paper, Yabushita showed that only 18 of 48 Oort spike comets discovered up to 1989 are dynamically new (less than 40 per cent). However, to know correctly the dynamical status of 'Oort spike' comet we should follow the cometary orbit to the previous perihelion taking into account not only the Galactic disc tide as Yabushita did in his approximation but also account for the Galactic centre term (Fouchard et al. 2005 ) and for perturbations from passing stars (Fouchard et al. 2011) . Even then we might only know whether the previous perihelion passage of an actual comet was inside the inner part of the Solar system or beyond the planetary zone.
Starting from the classical paper of MSE it becomes clear that an another important factor, namely nongravitational (NG) effects, should be taken into account in the context of the determination of original inverse semimajor axes of near-parabolic comets. As it was already demonstrated by Królikowska (2001 Królikowska ( , 2002 Królikowska ( , 2004 ) the NG accelerations should be included when determining osculating orbits of LPCs, since they can significantly change their original semimajor axes. This effect was also clearly presented in Paper 1.
Therefore, the aim of this paper is twofold.
First, we develop our methods of a precise osculating orbit determination (hereafter a nominal orbit) for the purpose of previous and next perihelion passage calculations, that will be described in the second part of this investigation (Dybczyński & Królikowska 2013a, hereafter Part II) . Here, we try to determine an NG orbit for each investigated here LPC (Section 2) and next we discuss these results with the a priori possibilities of NG determinations based on the data structure (Section 4). For a complete sample of nearparabolic comets observed in 2006 -2010, and having q < 3.1 au and 1/a ori < 150 × 10 −6 au −1 , we notice the 50 per cent of success for the detection of NG effects in comet's motion using the positional data. Additional result of our study is a new method of cometary orbit quality assessment that is described in details in Section 3.
Secondly, to know the dynamical status in the context of the previous perihelion passage of analysed here comets, we construct a swarm of osculating virtual comets (hereafter VCs) on the basis of the nominal orbit derived previously for each comet. In this part of investigation, we follow each swarm backward and forward to a distance of 250 au from the Sun. Thus, we obtain the original and future orbits for each comet together with the uncertainties of all orbital parameters. The method is described in Section 5. In that section, we focus on two different issues: (i) the change of original inverse semimajor axis due to incorporating the NG acceleration in the osculating orbit determination from the data, and (ii) the statistics of original and future 1/a-distribution of the sample of 108 near-parabolic comets studied by us here and in our previous papers. In the second aspect, we concentrate on a detailed discussion of original and future 1/a-distribution as well as the observed planetary perturbation distribution in the context of all so-called Oort spike comets studied by us so far (in Paper 1 & 2). Here, we use the term Oort spike because of its popularity. However, we always have in mind near-parabolic comets, remembering that they consist of two populations of dynamically new and dynamically old comets. We will return to this aspect in Part II.
In Part II, we will follow each swarm of barycentric orbits of VCs (taken at 250 au from the Sun) to the previous and next perihelion taking into account the Galactic perturbations and perturbations of all known stars. Then, we will discuss the observed distribution of Oort spike together with the problem of cometary origin. This paper is in preparation. ('post!') means that all observations were taken before (after) perihelion passage; 'pre+' ('post+') means that we noticed significantly more pre-perihelion (or post-perihelion) measurements, and additional '+' indicates the drastic dominance of pre-perihelion (or post-perihelion) measurements in both the number and the time interval. Column [10] shows the type of the best model possible to determine from the full interval of data (subscript 'un' informs that for a given comet the GR and even the NG model determined from the entire interval of data is not satisfactory), and column [9] gives the resulting orbital class determined according to Q * given in column [12] and recipe given in Section 3; notice that the subscript 'un' in [10] means that due to an inappropriate model the orbital class in a given case is also very preliminary. Column [11] shows our division of investigated comets into four groups (a detailed description is in Section 4.) Comet was observed to 7 September, however comet started to disintegrating in August. Thus, the data were taken to the end of July.
OBSERVATIONS AND OSCULATING ORBIT DETERMINATION
We selected all near-parabolic comets discovered during the period 2006-2010 that have small perihelion distances, i.e. q osc < 3.1 au, and 1/a ori < 0.000150 au −1 . During the same period 23 comets of q osc 3.1 au and 1/a ori < 0.000150 au −1 were detected; five of them were studied in Paper 2 and nine were still observable in November 2012. This means that data sets of these large perihelion comets were incomplete at the moment of this investigation. Therefore, in this study we restricted to complete sample of comets with small perihelion distances.
All results presented in this paper are based on positional data retrieved from the IAU Minor Planet Center in August 2012, except the case of comet C/2010 H1 where we updated the observational data in January 2013 because then four new pre-discovery observations were published at the Web for this comet. Global characteristics of the observational material are given in columns 2-8 of Table 1 . Most of comets in the investigated sample were observed on both orbital legs (compare columns 3, 4 and 8), except of five objects. Two of these comets (C/2007 Q1 and C/2008 J6) were discovered after perihelion passage and three (C/2009 O4, C/2009 R1 and C/2010 X1) were not observed after perihelion passage. The last two comets have passed their perihelia close to the Sun at a distance of 0.40 au and 0.48 au, respectively. Comet C/2010 X1 started to disintegrate about one month before perihelion whereas C/2009 R1 was lost after perihelion. We can suspect that C/2009 R1 also did not survive perihelion passage. One can see that for two other comets, C/2006 VZ 13 (q osc = 1.01 au) and C/2008 C1 (q osc = 1.26 au), the observations stopped shortly after perihelion passage at the distance of 1.02 au and 1.41 au from the Sun, respectively. Thus, also in these two cases, especially for C/2006 VZ 13 where the last observation was taken when comet was only about 1 au from the Earth, we can make a guess about their possible break-up.
Comets passing close to the Sun in their perihelia are of special interest because we should suspect detectable influence of NG forces on their motion. It means, however, that the orbit determination for these LPCs is significantly more complicated than for LPCs with large perihelion distances.
The determination of the NG parameters in the motion of LPCs (see Section 2.1) is much more difficult than in the motion of short-period comets mainly due to limited observational material covering one apparition or even just a half apparition, as we have for six comets mentioned above (compare also columns 3,4 and 8 of Table 1 ). We discussed earlier in Paper 1 that the appropriate processing of astrometric data is very important for this purpose. In particular, the data weighting is crucial for the orbit fitting not only for comets discovered a long time ago but also for currently observed comets. Thus, we adopted here the same, advanced data treatment as in our previous papers. The detailed procedure of weighting is described in Paper1. In this procedure, each individual set of astrometric data has been processed (selected and weighted) during the determination of a pure gravitational orbit (GR) or NG orbit, independently.
The non-gravitational acceleration in the comet's motion
To determine the NG cometary orbit we used the standard formalism proposed by Marsden et al. (1973, hereafter MSY) where the three orbital components of the NG acceleration acting on a comet are scaled with a function g(r) symmetric relative to perihelion:
where F 1 , F 2 , F 3 represent the radial, transverse and normal components of the NG acceleration, respectively and the radial acceleration is defined outward along the Sun-comet line. The normalization constant α = 0.1113 gives g(1 AU) = 1; the scale distance r 0 = 2.808 AU. From orbital calculations, the NG parameters A 1 , A 2 , and A 3 were derived together with six orbital elements within a given time interval (numerical details are described in Królikowska 2006) . The standard NG model assumes that water sublimates from the whole surface of an isothermal cometary nucleus. The asymmetric model of NG acceleration is derived by using g(r(t − τ)) instead of g(r(t)). Thus, this model introduces an additional NG parameter τ -the time displacement of the maximum of the g(r) relative to the moment of perihelion passage. Typically, the radial component, A 1 , derived in a symmetric model is positive (reflecting, in average, the stronger sublimation of this part of cometary surface that is directed to the Sun) and dominate in magnitude over the transverse and normal components. This model, however, does not include the possibility of location of an active region(s) on cometary surface. The negative radial component, A 1 < 0, derived in this model, would give a first indication for the asymmetric model of g(r) function (with rather large time displacement of a maximum of the g(r) relative to perihelion) or for the existence of active region(s) on comet's surface. Described model is very successful in representing the astrometric data, thus also in allowing the realistic dynamical evolution predictions. However, this NG force model does not represent an accurate representation of the actual processes taking place in the cometary nucleus (e.g. see Yeomans 1994) . Thus, using this standard model of NG acceleration we can only go as far as a very general and a very qualitative discussion in this field. Therefore, in this paper we place a strong emphasis on orbital dynamics of near-parabolic comets examined here, accounting only for evident physical events, like disruption or fragmentation. For example, in all such cases registered, we notice the coincidence between bursts (or disruptions) and anomalies occurring in O-C-diagram. Therefore, we decided to exclude such data intervals in the process of osculating orbit determination.
In the present investigation we decided to use an NG force model with the smallest number of parameters needed. We tested asymmetric model for several comets from the sample studied here but no improvement was observed. Moreover, in two cases, C/2006 HW 51 and C/2006 P1, just two NG parameters were determinable with reasonable accuracy.
For comets with long time sequences of astrometric data (e.g. belonging to comet group A -see column 11 of Table 1 ) we also tested a more general form of the dependence of NG acceleration on a heliocentric distance:
where we adopted two different form for a dependence of acceleration on a heliocentric distance, h(r), namely: more general g(r)-like function, g * (r) (hereafter GEN model type), and Yabushita function, f (r), based on the carbon monoxide sublimation rate (Yabushita 1996, hereafter YAB model type) . Thus, we consider here also the following two types of NG models:
• GEN:
• YAB:
In a GEN type of NG model we have additional four free parameters: scale distance, r 0 , and exponents n, m, k. The function g * (r) is normalized similarly as standard g(r) function, thus α is calculated from the condition: g * (1au) = 1, also the f (r) function was normalized to unity at r = 1 au. In contrast to comets C/2002 T2 and C/2001 Q4 investigated by Królikowska et al. (2012, hereafter Paper 3), we found that GEN and YAB types of NG model did not improve the orbital data fitting for investigated here comets with more than 3 yr interval of data covering the wide range of heliocentric distances (C/2006 (C/ OF 2 , C/2006 (C/ Q1, C/2007 (C/ N3 and C/2007 .
We were able to determine the NG effects for 11 of 22 comets discovered in the period 2006-2010 (see next section). As far as we know this is the richest sample of LPCs with NG effects of currently (in February 2013) published in periodicals and on the Web Pages. Many sources of osculating orbits of comets are available only in the Web. From these sources we noticed that Nakano (2013) and Rocher (2013) published NG orbits for largest per cents of comets in comparison to other Web sources. In February 2013 both sources presented NG osculating orbits for six comets from the period of 2006-2010, whereas we determined NG orbits for eleven comets discovered in this period. Additionally, only at Nakano page (2013) and at IAU Minor Planet Center (2013) values of original and future 1/a are given; in the second Web source for three comets with NG orbits: C/2007 W1, C/2008 A1 and C/2008 T2. More details about NG models derived in the present studies are given in the next two sections. In Section 5 we discuss the change of the 1/a ori due to incorporation of the NG acceleration in the process of osculating orbit determination using the positional data.
Osculating orbit determination from the full data interval
We These models are shown as coloured light grey rows in Table 1, whereas the values of original and future 1/a for these models are given in Table 3 , except comet C/2006 VZ 13 where only the model based on pre-perihelion data are shown for the reason discussed in Section 4.4.
The NG parameters of these symmetric NG models are given in Table 2 in the first row of each individual comet. Additionally, in this table we presented some alternate models that we found as less certain in the sense of orbital fitting to data (three creteria are given just below). Asymmetric NG solution (with τ-parameter, see Table 2 ). However, only in the case of C/2007 W1 we noticed substantial improvement of orbital fitting to data and in the case of C/2008 A1 -the infinitesimal adjustment (in the sense of at least one of three criteria given in section 2.2). For that reason both asymmetric model are also given in Table 3 as the best NG solution derived from the entire data set.
It was surprising that in some cases a normal component od NG acceleration improves the orbit's fitting to data to the much higher degree than the τ, see the NG solutions for C/2006 Q1, C/2007 N3 and C/2007 Q3. In another words, neglecting the normal component A 3 and determining the A 1 , A 2 and τ we get the orbital solution with significantly worse data fitting.
One can noticed that almost all these alternate models give original 1/a in a very good agreement with original 1/a-values based on NG models chosen by us to dynamical evolution investigation. The only exception is C/2007 W1 where symmetric model give more hiperbolic orbit that the asymmetric model with τ, however both original 1/a-values are certainly negative. However, this comet exhibits erratic behaviour and its more appropriate solutions (given in the Tables 3 and 6) are discussed later. Comet C/2006 VZ 13 is quite a different case because of the almost exclusively preperihelion data and some possibility of disintegrating processes close to perihelion.
By 'well-detectable' NG effects we mean that assuming standard NG model of motion (see Section 2.1) we noticed (for each of these eleven comets) the better orbit fitting to data in comparison to a pure GR orbit measured by three criteria:
• decrease in rms, • overcoming or reducing the improper trends in O-C time variations,
• increasing the similarity of the O-C distribution to a normal distribution.
More details and examples how this analysis works are given in Papers1-3, therefore only two examples are given below. well-visible trends in residuals in right ascension and declination for NG orbit determined from a whole data set (third panel from the top in Fig 2) . Also, the distributions of residuals in α and δ are not fitted well to normal distributions. Thus, for this comet it was necessary to divide the data into two parts: data before and after perihelion passage. It was very surprising that for both orbital legs the NG orbits were perfectly determinable (both NG solutions are discussed later in this paper). The O-C diagrams for pre-perihelion orbits and post-perihelion orbits are presented in the two upper panels of Fig 2 for NG model and pure GR model, respectively. One can see the great improvements of NG orbit fitting for preperihelion data and only slight improvements for post-perihelion data. One can even get an impression that the NG orbit determined from the entire data set (third panel in Fig. 2 ) gives a better fitting to post-perihelion data that orbit determined from the post-perihelion subset of data. Unfortunately, some trends, in particular in declination, are still noticeable. On the other hand, however, for NG orbit based on post-perihelion data we also noticed the recovery of some measurements taken at the end of observational arc. Thus, we conclude that NG orbit based on the post-perihelion data arc seems to be more adequate to predict the future of this comet as well as the uncertainty of this prediction.
The most manifesting NG accelerations we found in C/2007 W1 case where a similar approach was necessary to be used as for C/2008 A1. The same method was applied earlier for C/2007 W1 by Nakano (2009a; 2009b) . We found that the orbit obtained on the basis of the whole data set proved to be inadequate to describe the actual motion of both comets (C/2007 W1 and C/2008 A1). We noticed this fact by subscript 'un' (i.e. uncertain) in column [10] of Table 1 . Among comets with very long data intervals (> 3 yr) there are two other objects (C/2007 N3 and C/2007 Q3) with well visible trends in O-C diagrams taken for NG orbit and based on the full observational interval. Therefore, for these two comets it was also necessary to determine the osculating orbit from pre-and post-perihelion subsets of data, independently. Further, in the comet C/2006 VZ 13 case, an adequate NG orbit for past dynamical evolution were determined only for some part of pre-perihelion data (ending 40 days before perihelion passage).
Analysing orbits of eleven comets with well-detectable NG effects in their orbital motion we concluded that the motion of six of them can be model by one set of NG parameters during the period covered by data. In the case of remaining five comets the NG behaviour is more complicated. Thus, we proposed in these cases to model their motion separately before and after perihelion passage.
It turn out that NG effects are easily visible in the time interval covered by positional observations also in the motion of comet C/2010 X1. However, this is very special case because the nature of this NG behaviour is likely to be violent -this comet started to disintegrate at least about one months before perihelion passage (in August 2011). Therefore, the NG model used here is completely inadequate (see also Section 4.2). Thus, we modelled the motion of this comet based on the shorter interval of data, e.g. carried out before the disintegration process was started. It turn out, that the best orbit (GR orbit), for the past evolution was determined from an arc of data limited to the observations taken before 1 May 2011 what can suggest that a disruption started even before August 2011. For this reason we also marked the GR solution based on almost entire data interval by subscript 'un' in Table 1. For other three comets, C/2006 HW 51 , C/2006 L2 and C/2008 T2, the NG effects are worse detectable than in previous cases. Additionally, the radial component of standard NG acceleration, A 1 (see Eq. 2), is negative for these objects (see also Sec- Table 3 . Characteristics of models taken in this investigation for previous and next perihelion dynamical evolution. Columns Model based on data started from heliocentric distance of 2.0 au from the Sun 2 Asymmetric models relative to perihelion passage based on entire data sets tion 2.1). However, the GR orbit is quite acceptable since only slight trends are visible in the O-C diagrams of these comets. Therefore, we discussed for them the GR orbit (Table 1) as at least similarly likely solution as NG orbit (Table 3 ) and included to the group of comets with weak NG effects (Section 4.3).
Comet C/2009 K5 also have marginally detectable NG effects with a negative A 1 but it differs from the previous three comets in visible trends in the O-C diagrams for GR orbit as well NG orbit. Thus, we included this comet to special objects (marked by subscript 'un' in column [10] of Table 1) where it was necessary to divide the data into pre-perihelion and post-perihelion orbital branches (see Section 4.2).
An interesting example is comet C/2008 C1 that has marginally detectable NG effects. This is surprising because of short interval of data (0.3 yr). We decided to use the GR solution as more reliable for this comet of second quality orbit (Table 1) , and for these objects we have just pure GR osculating orbits (Table 1 ). All these comets have osculating perihelion distance q osc > 2 au and two of them have poor quality orbits (see Table 1 ). , 5[ [12 , 24[ 5 [5 , 20[ [ 6 , 12[ 4 [20 , 100[ [ 3 , 6[ 3 [100 , 500[ [1.5 , 3 Table 3 . For C/2009 K5 we additionally presented DIST model based on data taken from the heliocentric distances larger than r h > 2.5 au.
For the remaining comets we noticed that osculating orbits (GR or NG, see Table 1 ) based on the entire data interval well represent their orbital motion in the period covered by observations. However, for some of these comets (wherever we though it relevant and meaningful) we also determined the osculating orbits based on only a subset of pre-perihelion measurements (i.e. for C/2006 OF 2 , C/2006 Q1 and C/2008 C1). These additional orbital solutions are presented here just for comparison and wider discussion of the dynamical evolution of each comet carried out in Part II. Moreover, as was discussed in Section 2.2, for comets C/2006 HW 51 , C/2006 L2 and C/2008 T2 the NG models based on entire set of data (where radial component of NG acceleration is negative) are also given just for comparison.
Generally, in Table 3 are presented all models (of osculating orbit) taken further in the second part of this investigation for previous and next perihelion dynamical evolution. The best model derived for each comet is given always in the first row and just these best models are used in Section 5 for statistical analysis. The NG models based on the entire data sets are shown in coloured light grey rows, similarly as in Table 1 .
ACCURACY OF THE COMETARY ORBIT
In 1978 MSE formulated the recipe to evaluate the accuracy of the osculating cometary orbits obtained from the positional data. They proposed to measure this accuracy by the quantity Q defined as
L denotes a small integer number which depends on the mean error of the determination of the osculating 1/a, M -a small integer number which depends on the time interval covered by the observations, N -a small integer number that reflects the number of planets, whose perturbation were taken into account, and δ equals 0.5 or 1 to make Q an integer number.
Values of L, M and N are obtained following the scheme presented in their original Table II (MSE) . According to MSE the integer Qvalue calculated from Eq. 6 should be next replaced with the orbit quality class as follows: value of Q = 9, 8 means orbit of 1A orbital class, Q = 7 -1B class, Q = 6 -2A class, Q = 5 -2B class, and Q < 5 means the worse than second class orbit.
There are three reasons for which we found that some slight, but important adjustment of the above orbital accuracy assessment should be done:
(i) In the modern orbit determination all Solar system planets are taken into account, therefore we always have N = 3. Thus, Eq. 6 can be rewritten for our purpose in a form:
(ii) Current cometary observations are generally of a high precision and the resulting osculating 1/a-uncertainties are often smaller than 10 −6 au −1 . It should be reflected in a higher L number than is allowed in the original MSE table. Similarly, a higher M number should be attributed to very long time intervals covered by contemporary positional observations of LPCs. Thus, the mean error of 1/a osc smaller than 1 unit (i.e. 1 × 10 −6 au −1 ) gives now L = 7 and a time span of data can be greater than 48 months (M = 8, see Table 4 ).
(iii) Almost all orbits of currently discovered LPCs would be classified as the 1A quality class. For example, we found that using the original δ definition (to be 0.5 or 1) we obtained 15 comets of orbital class 1A and just two comets (C/2007 Q1 and C/2010 H1) of an obvious cases of second or worse orbital class (extremely short orbital arcs) for the sample studied here. Thus, additional modification seems to be necessary to obtain a better diversification of orbit accuracy classes. We proposed below, the new δ definition and division the first quality class into three new classes (1a+, 1a, 1b) instead former 1A and 1B.
Thus, the more relevant definition of Q for currently discovered LPCs takes the form:
How to calculate the quantities L and M is described in Table 4 that is a simpler form of original Table II given by MSE. Value of δ equals 0.5 or 0 to make Q an integer number. When Q * is an intermediate between two integers (that define two consecutive orbital classes) the proposed new recipe gives the final Q-values exactly the same as originally proposed by MSE.
To distinguish the proposed quality system from MSE system, we use lower-case letter 'a' and 'b' in quality class descriptions instead of original 'A' and 'B' in the following way: Q = 9 -1a+ class, Q = 8 -1a class, Q = 7 -1b class, Q = 6 -2a class, Q = 5 -2b class, Q = 4 -3a class, Q = 3 -3b class, and Q 2 -4 class, where Q is calculated according to eq. 8. We additionally propose to introduce a special 1a+ quality class in case of Q = 9. The quality classes 3a, 3b and 4 were not defined by MSE, but we adopted here the idea published by Minor Planet Center (at http://www.minorplanetcenter.net/iau/info/UValue.html) as 'a logical extension to the MSE scheme'.
This new orbit quality scheme separates the orbits of a very good quality in MSE system, 1A, into three quality classes in the new system, where the worst of orbits in 1A class (Q * =7) in MSE are classified as 1b in the new scheme. The reader can check how it works using the Q * value given in last column of Table 1 to calculate the MSE quality class.
In the MWC 08 only pure GR orbits are classified according to MSE method. It seems, however, that there are no contraindications to use such a procedure to qualify also NG orbits. These NG orbits are often of a lower quality than GR orbit obtained on the basis of the same time interval. This is an obvious consequence of higher uncertainties of NG orbital elements as a result of additional NG parameters to determine simultaneously with six orbital elements. In our opinion, the quality comparison between GR orbit and NG orbit should not be carried out exclusively on the basis of an orbital quality because NG orbit is always closer to reality by its physical assumptions, and therefore is more appropriate to describe the cometary motion than GR orbit. On the other hand, a quality assessment for NG orbit gives an easy indication of the uncertainty of orbital elements.
It is worth to stress, that any effective orbit quality assessment system (including the MSE method and this proposed here) describes a particular orbital solution based on a given data set (or subset), procedure used for this data processing as well as the adopted force model. Therefore, orbit of each individual comet can be classified differently, depending on the preferred orbital solution.
Application of the modified method of orbital quality assessment to comets considered so far
The new modified MSE procedure described above, was applied for the determination of orbital classes of all osculating orbits of the investigated here comets. The results are given in columns 12 and 9 of Table 1 and in column 8 of Table 3 . As was mentioned above, one can notice the higher diversification in orbital classes between investigated comets than using the original MSE recipe. This can easily be checked using Eq. 7 and values given in column 12 of Table 1 . According to the proposed method we have a lower fraction of comets of the best orbital classes: 11 (1a+ and 1a classes) instead of 15 (1A class). Additionally, these 11 comets are now divided into 5 comets of 1a+ class and 6 comets of 1a class when using entire data sets shown in Table 1 . Moreover, the orbit of one comet, C/2008 C1, is reclassified as a second class orbit. We noticed that at the IAU Minor Planet Center web pages orbital quality codes are given also for newly discovered comets. In We also applied the modified method of orbital quality determination to pure GR as well as NG orbits of comets from Papers 1 & 2, where all those Oort spike comets were chosen from MWC 08 as objects with highest quality orbits (classes 1A or 1B). The full list of these new quality class assessment for the entire sample of near-parabolic comets is given in Table 5 . An extended table, for 108 LPCs investigated by us that includes details about the observational material used for orbit determination, type of models used, as well as the orbit quality estimation, is available in our web page (Dybczyński & Królikowska 2013b) . It turned out that among 37 comets with NG orbits, six (C/1885 X1, C/1892 Q1, C/1940 R2, C/1952 W1, C/1959 Y1 and C/1989 Q1) should be classified as second quality orbit according to a modified, more restrictive method proposed here (Table 5). Next three with pure GR orbit are now also class 2 objects (C/2001 (C/ K3, C/2006 (C/ YC and C/2007 .
Summarizing, according to a more restrictive orbital quality assessment proposed here we obtained 23 comets of 1a+ class, 38 comets of 1a class, 16 -1b class, 8 -2a class, and 1 object of 2b class in the sample of 86 comets analysed in Papers 1 & 2 that were chosen from MWC 08 as Oort spike comets having pure GR orbit of the highest quality (class 1) or NG orbit (then the quality class is not specified in the catalogue).
IMPLICATION OF DATA STRUCTURE ON ORBIT DETERMINATION
In this section we show how the data structure influence the proper choice of the tailored orbit determination method, how it affects the quality of osculating orbits and the possibility of the determination of NG effects in the motion of near-parabolic comet. We performed an extensive review and tests of various models for each of inves-tigated comets, including asymmetric ones (i.e. NG models with τ-shift of maximum of g(r)-function relative to perihelion passage, see section 2.1) and orbital modelling based only on one branch of their orbits (pre-or post-perihelion, see section 2.3). From the entire range of solutions obtained for these comets we included here only the best models, in the sense of three criteria mentioned in Section 2.2: the decrease of rms, the similarity of O-C distribution to the Gaussian distribution and the absence of trends in O-C diagrams, and keeping a minimum number of necessary NG parameters in the case of NG models (Table 3) . We found useful, for this aspects of further discussion, to divide the investigated sample of comets into four groups (see also column 11 of Table 1 ):
group A: four comets with more than 3 yrs of data and heliocentric distance span at least from 6 au before perihelion to 6 au after perihelion, group B: eight peculiar comets, e.g. extremely bright or and/or with detected split event and/or strong/variable NG effects in their motion, group C: six comets of non-detectable or very weak NG effects in their motions, group D: four comets of a second or worse quality of osculating orbit.
Below we discuss the differences in data sets between these groups and whether and how these differences affect the precise determination of NG orbit. The reference table to individual solutions discussed in this section is implicitly Table 3.
Group A: comets with long time-intervals of observations
One can see in Fig. 3 that all four comets of this group have been observed more than three years in a broad range of heliocentric distances from at least 6 au before the perihelion passage to over 6 au after perihelion. Thus, long time sequences of data should allow us to model the NG orbital motion in great details. In particular, these should allow for examining various forms of g(r)-like function (Paper 3).
In fact, long time series of data allow us to determine the NG effects of all these comets basing on the entire ranges of data, and all their NG orbits are of the highest accuracy (1a+ class, see Table 1 ). In all cases where we were able to apply an asymmetric NG model relative to the moment of perihelion passage (Section 2.1), such a model however did not show any decrease in rms in comparison to a symmetric NG model (Table 2) and did not give a better similarity of O-C distribution to a normal distribution and/or better O-C diagram. Moreover, it was not possible to derive any dedicated form of g(r)-like functions for these comets. We were also not able to formulate any concrete conclusions about the potential deviation of value of the exponent m in Eq. 4 from the standard value m STD = −2.15, or about the different value of scale distance than the standard r 0 = 2.808 au (Eq. 2).
C/2006 OF 2 Broughton
NG models of this comet provide O-C distributions very good approximated by Gaussian distribution and give very reasonable values of NG parameters with dominant and positive radial component of NG acceleration and negligible normal component in comparison to the remaining two A 1 and A 2 components (Table 2) . However, even assuming A 3 = 0, the tau-shift can not be determined (its value oscillates with large amplitude around more than 100 days before perihelion). Due to some slight trends in the O-C diagram we added the gravitational PRE model as an alternative for studying past dynamics of this object.
C/2006 Q1 McNaught
Here, NG models result in O-C distributions good approximated by Gaussian distribution and no trends in O-C-diagram was noticed. The normal component of NG motion in the standard MSY model seems to be important in orbital fitting and gives a significantly decrease of rms in comparison to model with two NG parameters (radial and transverse components) as well as in model including also τ-shift of g(r)-function and ignoring normal component (Table 2). We added the gravitational PRE model as an alternative for studying past dynamics of this object -just for comparison.
C/2007 N3 Lulin
This comet has the smallest perihelion distance in this group, q osc = 1.21 au. Therefore, starting this investigation we suspected that we would get some interesting information about g(r)-like function for this comet. Unfortunately, models based on individually adjusted g(r)-like function did not give noticeably better fitting to observations.
For NG model with three components of NG accelerations the significant decrease of rms was noticed from 0. ′′ 50 to 0. ′′ 35. It can be seen ( Table 2 ).
Moreover, all considered NG models based on the entire interval of observations give the O-C distribution that substantially differs from a normal distribution. For that reason we would recommend gravitational models PRE and POST instead, especially for studying past and future dynamics of this object.
NG solution based on entire data set as well PRE (POST) type of solution give very similar values of 1/a ori (1/a fut ). Thus, past and future dynamics of this comet seems to be very well defined.
C/2007 Q3 Siding Spring
This comet must be examined in a special way. In the middle of March 2010, Nick Howes reported a small secondary piece of C/2007 Q3 on the picture taken using Faulkes Telescope North. The existence of this secondary component was later confirmed during the follow-up observations taken from Mar. 17 up to Apr. 9 by many other observers (Colas et al. 2010 ). Indeed, this period correlates with a time interval where significant trends in both right ascension and in declination appear in the O-C diagrams even in the NG model of motion (light grey part of data in the third panel from the top of Fig. 3 ). GR orbit of C/2007 Q3 based only on preperihelion data is still 1a+ quality class.
Maybe due to this additional event, the NG model of C/2007 Q3 based on entire data interval gives radial component, A 1 , smaller than the other two components A 2 and A 3 (Table 2) . Similarly as in C/2007 N3 we noticed here important role of a normal component of NG acceleration in rms decreasing.
Similarly as in remaining comets in this group, the NG solution based on entire data set as well PRE (POST) type of solution give similar values of 1/a ori (1/a fut ). Thus, past and future dynamics also for this comet seems be well-defined.
Group B: peculiar comets
We found that eight comets in the studied sample exhibit some kind of unusual activity or are troublesome in determining the osculating orbit. All of them we classified as peculiar objects and discussed in this section.
In the bottom part of Fig Among the remaining four comets in this group we have C/2008 A1 with strong and variable NG effects in its motion, two more comets with NG effects clearly seen in the motion and easily determinable from the entire interval of data (C/2007 W3 and C/2006 K3), and C/2009 K5, whose osculating orbit was especially difficult to determine (see below).
Comets C/2007 W1 (1.2 yr of data) and C/2008 A1 (2 yr) exhibit the most manifesting NG effects in their motion among comets studied in this paper. NG models based on the entire set of positional data proved to be completely inappropriate for both these objects; the detailed discussion of NG models based on full data sets was given in Section 2.2. Moreover, NG effects appear to be variable inside the interval covered by positional data. Such Fig. 3 for peculiar comets. The horizontal axis is common for all comets and is the same as in Fig. 3 . The vertical scale unit is also the same as in the previous figure. Four comets with perihelion distances, q osc , below 1.0 au are shown in the bottom part of this figure. an erratic behaviour can be detected by using data taken before perihelion passage and after perihelion to determine the set of NG parameters, separately for both orbital branches. The results are given in Table 6 , where also the NG parameters derived by Nakano (2009a,b,c) are shown. One can see that our values of NG parameters are in very good agreement with Nakano though he assumed that A 3 = 0 and used slightly different sets of data. Unfortunately, Nakano analysed NG effects for pre-perihelion and post-perihelion data separately only for C/2007 W1, so solely solutions for this comet could be compared in Table 6 .
C/2006 K3 McNaught
NG effects easily determinable from the entire interval of data despite a moderate perihelion distance of 2.5 au. The radial component of NG acceleration dominates and is well-determined, we decided to include the normal component to the model since this gives slight improvements in rms and O-C-diagram and generalize the NG solution; no other tailored model is needed for this object.
C/2006 P1 McNaught
This comet (q osc = 0.17 au) was the second brightest comet observed by ground-based observers since 1935 and demonstrated a spectacularly structured huge dust tail (e.g. Jones et al. 2008) . It might be surprising that in case of such an active comet with extremely small perihelion distance it was possible to obtain a very well determined, standard NG orbit from the whole data set. Best NG solution is based on radial and transverse components of NG acceleration. 
C/2007 W1 Boattini
This comet is also discussed at the beginning of this section together with comet C/2008 A1. We detected strong and variable NG effects in its motion. As a result we recommend separate, nongravitational PRE and POST models for studies of its past and future dynamics. The similar approach was proposed by Nakano, see Table 6 for more details. Our all osculating orbit solutions (Section 2.1, Tables 2-3) show that C/2007 W1 (q osc = 0.85 au) , having a negative value of 1/a ori is an excellent candidate to be an interstellar comet. It is therefore important at this moment to refer to two quite different publications on this comet. In the first, Villanueva et al. (2011) measured a chemical composition of C/2007 W1 using NIRSPEC at Keck-2. They derived the abundance ratios of eleven volatile species relative to the water and concluded that almost all these ratios are among the highest ever detected in comets (see figure 8 therein). Thus, this comet seems to be very peculiar also in the light of chemical composition.
In the second paper interesting from our point of view, Wiegert et al. (2011) 
C/2007 W3 LINEAR
NG effects clearly seen in the motion of this comet and the standard NG model is easily determinable from the entire interval of data. The asymmetric model is marginally determinable, however with large uncertainties of τ-shift and with no improvements of orbital fitting (Table 2) . No other tailored model is necessary to represent the positional data of this object.
C/2008 A1 McNaught
This comet is also discussed at the beginning of this section together with comet C/2007 W1. Due to the nature of the detected NG forces (strong and variable) we recommend separate, nongravitational PRE and POST models for studies of its past and future dynamics. For comparison we show also two models based on the entire data set: an asymmetric one and a standard, symmetric model.
C/2009 K5 McNaught
This comet also seems to be a peculiar object. Considering rather long time interval of observations (2.5 yr) it could be optionally included into the group of comets with long sequences of data since its observations cover quite large heliocentric distances from 4.35 au before perihelion to 6.25 au after perihelion (orbit 1a+ class). This fact, together with small perihelion distance, should create a perfect opportunity to determine the NG effects either from the whole data set (as for all comets of long data sets in this paper, previous subsection) or from pre-perihelion and post-perihelion data individually, as in the case of C/2007 W1 or C/2008 A1. In contrast to the expectation, the NG effects cannot be reliably determined from the entire data set of C/2009 K5 as well as individually from pre-or post-perihelion orbit branches. Thus, we decided to include this comet to peculiar objects. We recommend separate gravitational PRE and POST models for this comet and present two other models for comparison.
C/2009 R1 McNaught
This comet of a very small perihelion distance (q osc = 0.405 au) was observed only prior to its perihelion passage and was lost soon after it. There is no information about this comet after perihelion and we can speculate that this comet has disintegrated. Among comets observed only before perihelion passage C/2009 R1 exhibits strong and well-determinable NG effects during interval covered by positional measurements and belongs to comets with good quality NG orbit (see also Fig. 1 ).
C/2010 X1 Elenin
Another peculiar comet of a very small perihelion distance (q osc = 0.482 au). It starts to disintegrate about one month before perihelion and it turn out that only a pure gravitational orbit can be well determined from the shorter interval of data -the part of data not included in the orbit determination is shown in light grey in Fig. 4 . On the occasion of this comet, it is worth mentioning that even when a cometary disintegration was observed, some authors derived NG orbit with standard (constant!) NG parameters A 1 , A 2 , A 3 , although they describe the systematic acceleration acting on a comet, which is a function of the heliocentric distance from the Sun. These standard NG parameters cannot correctly account for a sudden change in orbital motion due to comet's partial disruption. Therefore, the interpretation of results obtained in such a case should be restricted to the statement that some NG effects are clearly seen in the cometary motion but nothing more. It seems to us that the values of orbital elements in such a NG case also should be treated with great caution. Comet C/2010 X1 just may be an good example of such a case of misusing the standard MSY method.
Group C: comets of non-detectable or very weak NG effects
Whether NG effects are noticeable in comet's motion or not depends on many factors such as quality and structure of data, the general level of activity and physical properties of comet (the nucleus structure, chemical composition, its shape and mass). Thus, generally each case should be individualized. However, it turns out that we often can pretty well predict whether it is possible to determine the NG orbit from the inspection of structure of the data, where by 'structure' we mean here all that can be seen in the plot of the heliocentric and geocentric distances of all positional measurements.
It is rather not surprising that for three of six comets to be described in this section, namely for C/2007 O1 (q osc = 2.88 au), C/2009 O4 (q osc = 2.56 au) and C/2008 J6 (q osc = 2.00 au) we do not succeed in determining NG effects in their orbital motion. We can expect this from quick inspection of Fig. 5 .
In the remaining three cases, the situation is not as clear as above. From a review of Fig. 5 (notice that the scale of horizontal and vertical axes in both panels are the same) it is not obvious that NG effects are not detectable within time intervals covered by data. Of course, in this type of a qualitative discussion we assume some physical similarities between considered comets, mainly in their global activity.
In fact, for three comets described below, C/2006 HW 51 , C/2006 L2 and C/2008 T2, we detected some traces of NG effects in positional data with a negative radial component of the NG acceleration (models marked as NG A1 in column [2] of Table 3 ; see also discussion in Section 2.1). However, in all these cases we noticed only slight improvements in data fitting in comparison to GR orbit. Therefore, the interpretation of these NG models can be twofold. These models reflect the actual NG acceleration of these comets (for example giving some indication of the existence of active sources on the nucleus as was mention above), or the observed slight improvements in data fitting are only the result of a larger number of parameters taken into consideration when determining the NG orbit. We decided, however, to include these NG models to Table 3 solely as alternative models for dynamical status discussions based on the previous perihelion calculations, see Part II.
C/2006 HW 51 Siding Spring
The data structure of this comet is qualitatively quite similar to that of comet C/2006 K3, a number of measurements is also very similar (about 200 observations in both cases). Furthermore, both comets passed perihelion rather far from the Sun (more than 2.2 au). It seems, however, that the longer time interval of data (1.7 years), resulting in a wider range of observed heliocentric distances before perihelion in the case of C/2006 K3 (3.95 au at the moment of discovery in comparison to 2.87 au at for C/2006 HW 51 ), causes that the NG acceleration in C/2006 K3 is clearly visible in its motion, while in the motion of comet C/2006 HW 51 it is not so easily discernible. The NG effects can be firmly detected in the motion of C/2006 K3 also due to the fact that this comet was significantly more active than C/2006 HW 51 . One can speculate that the activity of the comet C/2006 HW 51 is limited only to some active areas somehow specifically located on the surface of the comet causing that standard MSY model gives some traces of NG effects with negative radial component of NG acceleration. We recommend pure gravitational model for this object, but we also present NG and gravitational PRE models for comparison.
C/2006 L2 McNaught
Similar arguments to the presented above seems to be correct in the case of comet C/2006 L2, that also passed through perihelion not very close to the Sun (q osc = 1.994 au) and displays some traces of NG effects with negative A 1 . We recommend pure gravitational model for this object, while NG and gravitational PRE models are presented for comparison.
C/2007 O1 LINEAR
In the data of C/2007 O1, we have more than one-year gap in positional measurements. This is due to the fact that the object was initially discovered as an asteroid, and more than a year later it was rediscovered as a comet. Data of such an unusual structure, where 12 observations were collected far before perihelion when the object was more than 4 au from the Sun and the rest of data were taken after the perihelion passage, together with the rather large perihelion distance, can effectively prevent the determination of NG effects despite quite a long period formally covered by measurements, so we present only pure gravitational solution for this comet.
C/2008 J6 Hill
Comet C/2008 J6 was followed from a heliocentric distance of 2.04 au to 3.43 au, thus in a wider range of heliocentric distances what is more promising. However, it was discovered after passing through the perihelion. In this case, the chance to detect the NG acceleration in the motion of even moderately active comet is low, only GR model is presented.
C/2008 T2 Cardinal
Comet C/2008 T2 seems to be a more unusual object. In terms of the structure of data we have a situation quite similar to that of comet C/2007 W3 (Fig. 4) , but here we have much more measurements as well as the comet came closer to the Sun at perihelion (1.20 au compared to 1.78 au for C/2007 W3). Both facts should allow us to determine the NG effects easier for C/2008 T2 than for C/2007 W3. However, in this comet the NG effects are loosely detectable (almost at a noise level. One can suppose that comet C/2008 T2 probably exhibits another character of activity than C/2007 W3 or/and physically differs from C/2007 W3. We recommend GR model obtained from the entire dataset for this object, but we also present NG and gravitational PRE models for comparison.
C/2009 O4 Hill
Comet C/2009 O4 was observed only before perihelion passage in the narrow range of heliocentric distance from 3.04 au to 2.57 au and only during 4.5 months period, therefore only the gravitational model can be obtained.
Group D: comets of weak quality of osculating orbits
Due to a generally poor quality of osculating orbits of these four comets in comparison to others and their asymmetric distribution of observations relative to perihelion we should be very careful when making statements about their past and future motion. Moreover, we should admit that one of them (C/2006 VZ 13 ), split into separate fragments or disintegrated near perihelion.
C/2006 VZ 13 LINEAR
The observations of C/2006 VZ 13 (q osc = 1.01 au, the smallest perihelion distance in this group) were stopped very soon after its perihelion passage. C/2006 VZ 13 (Fig. 6) , was observed longer than remaining objects in this group, about eight months, while three others less than five months. However, it belongs to this group because in fact the only adequate orbit for its past dynamical evolution can be determined from the pre-perihelion data. We decided to cut the pre-perihelion string of data on July 1, 2007 (1.23 au from the Sun), i.e. 40 days prior to the perihelion passage because with such Figure 6 . The same as in Fig. 3 for comets of weak quality of osculating orbits; also the same time-scale was used in horizontal axis. The time interval not taken for the determination of PRE type of osculating orbit of comet C/2006 VZ 13 is shown in light grey ink. a restriction we derived the NG osculating orbit that gives O-C diagram free from any trends in right ascension or declination. For this reason the orbit based on this time interval is the most appropriate as starting orbit for the past dynamical evolution (see Part II of this investigation). The range of data that was not used for PRE type of model determination is shown in light grey ink in Fig. 6 . Thus, the data time interval taken for the past evolutionary studies was only ∼7.5 months in this case. Shortening the time interval of data by almost 20 per cent resulted here in a more than four-fold reduction of a precision of 1/a osc -determination, and resulted in a decrease in its orbital class from 1b (NG orbit determined from the entire data set) to class 2a (NG orbit based on pre-perihelion data). For a future dynamical evolution we have no choice and for this purpose the NG orbit based on the entire data set was used. It is worth noting that the future orbit should be treated with great care because of our ignorance of the fate of this comet shortly after perihelion passage (the last observation was taken four days after perihelion).
C/2007 Q1 McNaught
This comet have the greatest perihelion distance (q osc = 3.01 au) and the worst quality orbit (3a) in this group (and in the whole sample of comets examined in this paper) is determined for this comet.Its poor quality is a direct consequence of the shortest data arc throughout the sample (only 24 days) and also of an unusual moment of discovery, more than eight months after it passed through perihelion. Usually, when the astrometric observations include perihelion then the orbit have a chance to be more precisely determined. Only the pure gravitational orbit can be determined in this case.
C/2008 C1 Chen-Gao
Despite a very short time interval of data, the NG effects are detectable in the motion of this comet (q osc = 1.26 au). However the NG parameters are not well determined and the decrease in rms is not observed, so we present the NG model for this comet only for comparison and recommend the GR model.
C/2010 H1 Garradd
It is impossible to detect the NG effects from the set of data for this comet due to very narrow data range -observations span a short time period. Additionally, we can notice that it passed the perihelion at the moderately large distances from the Sun (q osc = 2.745 au), and only a small number of measurements were taken. As a result only a GR model can be obtained.
ORIGINAL AND FUTURE ORBITS
In the present numerical calculations, a dynamical evolution investigation of a given object starts from the swarm of VCs constructed using the osculating orbit (so-called nominal osculating orbit) determined in the respective model shown in Table 3 . We performed dynamical calculations for each model presented in this table. Of course, for models based on PRE data we follow only the past evolution, whereas for models based on POST data -only the future evolution. Each individual swarm of starting osculating orbits is constructed according to a Monte Carlo method proposed by Sitarski (1998) , where the entire swarm fulfil the Gaussian statistics of fitting to positional data used for a given osculating orbit determination. Similarly to our previous investigations (see for example Paper 1), each swarm consists of 5 001 VCs including the nominal orbit; we checked that the number of 5 000 orbital clones gives a sufficient sample for obtaining reliable statistics at each step of our study, including the end of our numerical calculations, i.e. at the previous and next perihelion passage (see Part II of this investigation). Therefore, we are able to determine the uncertainties of original and future reciprocal of semimajor axis (1/a ori and 1/a fut ), that are here taken at 250 au from the Sun, i.e. where planetary perturbations are already completely negligible (Todorovic-Juchniewicz 1981) .
Values of 1/a ori and 1/a fut and their uncertainties derived by fitting the 1/a-distribution of original and future swarm of VCs to Gaussian distribution are given in columns [9]-[10] of Table 3 . All 1/a-distributions as well as distributions of other orbital elements of analysed comets were still perfectly Gaussian at 250 au from the Sun. However, further evolution under the Galactic tides and stellar perturbation can potentially introduce significant deformations in the initially 6D-normal distribution of orbital elements in the swarms of VCs (up to 10D-normal distribution in the NG case), what will be shown in the Part II of this investigation.
Original semimajor axes of NG orbits
First, it is important to notice that an osculating NG orbit determined from a given set of data is not the same orbit as one determined from these same observations but under the assumption of purely gravitational motion (Królikowska 2001) . Therefore, the change of original 1/a-value due to incorporating the NG acceleration in the process of orbit determination can be even very large though the NG effects provide only modest changes in the original 1/a-value along an individual orbit. Typically, the original eccentricity of NG orbit are smaller than eccentricity of GR orbit for a given comet with determinable NG acceleration (where both GR and NG orbits are derived from the same set of positional data). We confirmed these general findings in the present studies. However, we found some interesting atypical behaviour for comet C/2007 W1.
The differences between the inverse original semimajor axes derived in NG model of motion and less realistic pure gravitational model of motion are presented for 11 comets examined here (red symbols) and 37 comets studied in the Paper1&2 (black symbols) in Fig. 7 . In the bottom panel the dependence of the strength of NG forces on the osculating perihelion distance, q osc is clearly visible for the whole set of 48 comets with determined NG effects. To maintain consistency with previous our studies, the values of 1/a ori and their uncertainties presented in this plot are based on osculating NG orbits determined from the entire data sets except of the comet C/2007 W1 where we took the value of 1/a ori determined from the NG orbit based on pre-perihelion subset of data as significantly more adequate for this comet (see also Section 4.2). Nakano (2009a,b) also considered the pre-perihelion and post-perihelion orbital branches independently for this particular comet. He derived a similar value of 1/a ori = −0.000059 au −1 on the basis of preperihelion data only (the detailed comparison of both NG models is given in Section 4.2. However, for the NG orbit based on the entire observational interval we obtained even a more negative value of 1/a ori = −0.000082 ± 0.000003 au −1 . Thus, C/2007 W1 Boattini is the first serious candidate for interstellar comet among LPCs examined by us so far. In the case of comet C/2008 A1 we show in Fig. 7 the results based on the entire data interval though for this comet the NG orbit determined from the full interval is also highly unsatisfactory (as we discuss earlier). The largest differences in ∆E ori was derived just for this comet (the rightmost red symbol in the bottom panel of Fig.7) , whereas based on a pre-perihelion subset of data we derived 1/a ori = 0.000120 ± 0.000002 au −1 for NG orbit and ∆E ori = −0.000011 au −1 . However, we would like to stress that C/2008 A1 as well as C/2007 W1 are comets that both have extremely strongly manifesting and variable NG effects inside their observational intervals. Table 7 . Three samples of comets with 1/a ori < 10 −4 au −1 : qS, qM and qL in comparison to MWC 08. The number of comets are given for first quality class orbits in MWC 08, except the sample of comets investigated in this paper, where 3 objects with quality class 2 and 3 are included; we indicate this by '+ 3' in columns [3] & [9] . N u m b e r o f c o m e t s i n t h e d i f f e r e n t s a m p l e s Period q osc < 3.1 au 3.1 q osc < 5. Sets of original and future 1/a-values taken for statistical analysis (see next section) are based on the preferred osculating orbits. It is obvious that NG orbits -if determinable in the motion of a given comet -are always more realistic than pure gravitational orbit derived from the same data set.
Observed distributions of original and future semimajor axes
In the discussion below we do not pretend to describe planetary perturbations on LPCs in general. Instead, we aim to present really observed changes in 1/a for a significant percentage of the observed LPCs, additionally for the first time fully accounting for their uncertainties. We also discuss the contribution of the NG forces into the 1/a change during a cometary flyby through the planetary system.
To describe the original and future 1/a-distributions we di- More detailed descriptions of these three samples are given in Table 7 where the completeness of these samples in comparison to MWC 08 is shown. MWC 08 is complete to the end of the 2007. In the period of 2006-2010, considerable number of 48 LPCs with 1/a ori < 10 −4 au −1 were discovered (eight of them are still observable), and all of them, having q osc < 3.1 au are investigated in this paper and are shown by red points in Fig. 8 . In total, our sample of 108 comets discussed here constitutes more than 60 per cent of all first class Oort spike comets discovered after 1800 (78 per cent of those discovered after 1950), for which observations are finished.
For the present discussion only the preferred models (shown in the first row for each comet in Table 3 ) were taken into consideration.
In a pure GR model of cometary motion, the values of δ (1/a) = 1/a fut − 1/a ori directly inform about planetary perturbation which a comet suffered passing through the planetary system. When the NG osculating orbit is derived we should expect that NG effects contribute in some extent to the value of δ (1/a). It is not so easy to measure these contributions, in particular for these comets where two separate NG osculating orbits are preferred to describe their actual orbital motion. We have made such an attempt in the case of comets with NG orbits investigated here. Table 8 presents three values of δ (1/a) for all comets with NG models chosen by us as the preferred solution in Table 3 . For each comet, the first row gives δ (1/a)-value for the recommended NG model, the second row -δ (1/a)-value for the best GR model, whereas the third row shows δ (1/a)-value derived for the same NG osculating orbit taken as a starting orbit, however NG accelerations were not included during the integration backward and forward to 250 au from the Sun for original and future 1/a-determination. Of course, the last orbit does not represent data (see column [5] ) since the best GR orbit that gives good data fitting (second row, column [4] ) is substantially different than the best NG orbit. However, the difference between first row and second (and third) row may give some estimation for the NG contribution to the δ (1/a)-value. For comets with separate NG orbits derived for pre-perihelion branch and post-perihelion branch, we calculate the δ (1/a) from the equation:
where 1/a osc,post and 1/a osc,pre are values of 1/a osc for postperihelion and pre-perihelion orbit, respectively.
One can notice using Table 8 that for comets with perihelion distance greater than 2.0 au the δ (1/a)-value can be interpreted as planetary perturbations even in the NG models of motion. We have also confirmed this conclusion for all comets studied in Paper 1 & 2 where differences in δ (1/a)-value between NG and GR models do not exceed 10 per cent, except C/1997 J2 where we obtained this difference at the level of 40 per cent due to a very small value of δ (1/a) (−41 and −30 for GR and NG orbit, respectively). However, for smaller perihelion distances (q osc < 2.0 au) we can obtain even a change of sign of δ (1/a), like for C/2009 R1 (q osc = 0.405 au) and C/2008 A1 (q osc = 1.07 au) with the highest magnitude of NG acceleration (columns [10]- [13] in Table 8 ). Differences of more than 30 per cent in δ (1/a) between NG and GR models are found only for three comets investigated here (two peculiar comets, C/2008 A1 and C/2009 R1, and one of weak quality of osculating orbit, C/2006 VZ 13 ) and five comets of 37 with NG or- Table 8 . Contribution of planetary perturbations and NG effects to δ (1/a) = 1/a fut − 1/a ori for nine comets with NG orbits given as the preferred models of their motion in Table 3 . Comets are arranged in order of increasing q osc . In the first row of individual comet δ (1/a) for the main NG model (given in the first rows in Table 3 ) is presented, the second row shows δ (1/a) obtained using the best GR model and third row displays the δ (1/a) derived using the same NG orbit as in the first row, however during integration backward and forward to the 250 au from the Sun the NG acceleration was excluded. In the second row (column [9] ) the percentage change in δ (1/a) relative to first row is also given. Values of 1/a ori , 1/a fut , and δ (1/a) are given in units of 10 −6 au −1 used in this paper, and the magnitude of the NG acceleration, A = A 2 1 + A 2 2 + A 2 3 , in units of 10 −8 au·day −2 . bits determined in Papers 1 & 2. In the following discussion, when we use the term 'planetary perturbation', we keep in mind that identification of planetary perturbation with δ (1/a) = 1/a fut − 1/a ori in the case of NG orbit is subject to an additional contribution, that exceed 30 per cent of δ (1/a)-value just for a few of them. This contribution is obviously caused by slightly different evolution of orbital elements due to NG acceleration along a given orbit.
In Fig. 8 we show δ (1/a) = 1/a fut − 1/a ori , in a function of osculating perihelion distance for the sample of 22 comets investigated here (red points) in comparison with all remaining 86 comets investigated by us so far. The uncertainties of δ (1/a) were derived by calculating the δ (1/a i ) where i = 1, ..., 5001 for each VC in the swarms, and then fitting the derived δ (1/a)-distribution of individual swarm of VCs to Gaussian distribution. The uncertainties of perihelion distance and inclination are significantly below the size of points in these figures. It is interesting to notice that the largest δ (1/a)-uncertainty in the group of comets investigated in the present paper and in the entire sample of 108 figure) , conversely to widely spread opinion, that comets coming closer to the Sun than Jupiter almost certainly suffer strong planetary perturbations. It means, that in the sample of analysed Oort spike comets the number of objects that have a chance for returning in the next perihelion passage as an Oort spike comet is remarkable (see middle panels in Fig. 9 ) and accounts to about 14 per cent of all investigated by us near-parabolic comets (108 objects). This shows the observed transparency of the Solar system (see Dybczyński 2004) . This transparency seems to be significantly different for large perihelion near-parabolic comets than for small perihelion comets and, taking into account small number statistics fluctuations it is consistent with the results of the Monte Carlo simulations of this phenomenon, recently published by Fouchard et al. (2013) . The detailed percentages of comets with 1/a fut still smaller than 100 × 10 −6 au −1 within three discussed samples are as follows: Figure 8 . Change of reciprocals of semimajor axis during passage through the planetary zone, δ (1/a) = 1/a fut −1/a ori , as a function of osculating perihelion distance, where the sample of 22 comets investigated in this paper are shown by red dots. The sample of 86 comets studied in Paper1&2 were divided into three subsamples qS, qM and qL (see Table 7 ) and are given as black, blue and green dots, respectively. The vertical line marks the position of Jupiter semimajor axis at 5.2 au. The horizontal grey band between two horizontal dashed lines shows the area where planetary perturbations are smaller than 10 −4 au −1 . qS sample 10 per cent qM sample 6 per cent qL sample 33 per cent.
This feature of the 1/a fut distribution is also clearly visible in Fig. 8 , where the distributions of δ (1/a) as well as the distributions of 1/a ori and 1/a fut are presented in Fig. 9 in the bottom, top and middle panels, respectively. The filled light steel-blue histograms show the distributions of 22 comets investigated in this paper. These steel-blue histograms, are overprinted on the blue histograms that represent qS sample (49 comets). Similarly, the distributions of comets of q osc 5.2 au (filled light turquoise histograms, 24 objects) are overprinted on the distributions of qM+qL sample of comets (filled green histograms, 59 objects of q osc 3.1 au). It should be stressed here that the uncertainties of 1/a ori , 1/a fut and δ (1/a) are taken into account in these histograms by considering full cloud of 5001 virtual orbits for each comet. For example, the global distribution of 1/a ori in both upper panels (marked by thick black ink) is based on all clouds of VCs of 108 comets, thus in total of 540 108 VCs, whereas the global distributions of 1/a fut and δ (1/a) are based on 107 cometary swarms (in total of 535 107 VCs) where C/2010 X1 was not taken into account for future distribution because of its disruption during perihelion passage. One can see that a prominent maximum of the observed planetary perturbation is visible only for comets with q osc 3.1 au whereas for qS sample of comets the distribution of planetary perturbation is broad with no sharp peak.
There is another interesting feature visible in Fig. 9 . The secondary peak between 0.0005 au −1 and 0.0006 au −1 is present in the distributions of 1/a fut that is visible in the qS sample as well as in the sample of comets with q osc 3.1. This corresponds to Figure 9 . Distribution of 1/a ori (top panels), 1/a fut (middle panels) and δ (1/a) for small perihelion (q osc < 3.1 au, left-side filled histograms) and large perihelion (q osc 3.1 au, right-side filled histograms) Oort spike comets. The histogram given in each panel in thick black ink always represents the distribution of the whole sample of 108 comets. The uncertainties of 1/a-determinations were incorporated into these 1/a-histograms by taking the full cloud of VCs for each comet. The light steel-blue histograms in the left-side panels show the sample of 22 comets investigated in this paper, where the light turquoise histograms in the right-side panels represent the sample of comets with q osc 5.2 au. Completeness of all samples are shown in Table 7. the local maximum between 1 700 au and 2 000 au for the future semimajor axes. Outside the value of 0.0006 au −1 we observe significant and fast decrease in the 1/a fut -distribution. It is interesting that the similar trend of decrease is observed around 0.0006 au −1 in the 1/a ori -distribution for the sample of near-parabolic comets in MWC 08 (of first quality orbits).
We noticed that the investigated here sample of small perihelion Oort spike comets differs from the sample of small perihelion comets with strongly manifesting NG effects investigated in Paper 1 in the context of future history of these objects. Then, we derived that 60 per cent of them will be lost on hyperbolic orbits in the future, here we have only 33 per cent of such comets (seven objects escaping on hyperbolic trajectories and one object that disintegrated at perihelion). Taking into account all Oort spike comets with small perihelion distances investigated by us so far (49 objects) we have now 49 per cent of comets escaping in the future from Solar system on hyperbolas whereas for the whole sample of comets -the similar value of 53 per cent. Thus, the small perihelion cometary sample and the large perihelion sample appear to be quite similar in this regard. However, more comets, especially these with q osc < 3.1 au need to be analysed with the NG effects taken into account. In the Part II we will discuss the differences between both samples in the context of dynamical status of near-parabolic comets.
SUMMARY
We showed that the individualized approach to the osculating orbit determination is advisable, especially for the purpose of past and future dynamical evolution of near-parabolic comets. Developing such an attempt we have determined the osculating orbits for a complete sample of so-called Oort spike comets with a small perihelion distance (q osc < 3.1 au) discovered in five year period from 2006 to 2010. For eleven of these comets (50 per cent) we detected NG effects in their orbital behaviour using entire sets of data (Table 1) and discussed various NG models ( Table 2 ). The detailed investigation shows, however, that in five of them even more individualized approach is necessary (Table 3) . Thus, we determined osculating orbits for pre-perihelion and post-perihelion orbital branch, separately. We argued that the separate NG solutions for each orbital leg for two of them, C/2007 W1 and C/2008 A1, are more adequate for past and future orbital evolution. Our solutions for both comets are very similar to solutions previously obtained by Nakano (Section 4.2). Additionally, for C/2006 VZ 13 the NG solution based on pre-perihelion orbital leg is presented. For the remaining two comets with NG effects detectable in the entire (very long) data sets, C/2007 N3 and C/2007 Q3, we proposed GR orbits derived from a pre-perihelion and post-perihelion branch as the best osculating orbit for past and future evolutionary calculations, respectively. Unfortunately, the NG effects were indeterminable for the pre-perihelion and post-perihelion leg separately in both comets despite long-time series of data.
Next, we discuss the possibility of NG acceleration detection in the motion of near-parabolic comets in the light of data location along their orbital tracks.
We also proposed a modified orbital accuracy assessment on the basis of classical MSE method. Using 22 Oort spike comets investigated in this paper and 86 comets examined in Papers 1 & 2 we showed that the proposed modifications provide a better diversification between orbital quality classes of currently discovered comets.
Next, we have analysed the original and future inverse semimajor axes of these 22 near-parabolic comets taken at the distance of 250 au before their entrance to the inner Solar system and at the distance of the 250 au after perihelion passage, respectively. We discussed these results in the context of the whole sample of 108, so called, Oort spike comets investigated by us so far. Our conclusions are as follows:
• We noticed a different shape and slightly different median value of 1/a ori -distributions for small perihelion (q osc < 3.1 au) and large perihelion (q osc 3.1 au) samples of near-parabolic comets. In the upper panels in Fig. 9 , the 1/a ori -distribution for small perihelion comets is more broad than for large perihelion comets. However, in these distributions included are both dynamically new comets as well as dynamically old. Thus, a more detailed discussion is necessary and this will be given in Part II where the results for previous perihelion distance are presented. Having the value of q prev we can construct 1/a ori -distribution for dynamically new and dynamically old comets separately, and then discuss the shape of actual Oort spike, i.e. comets first time coming from the Oort spike in the light of dynamical investigation covering three consecutive perihelion passages (thus in a scale of tens of millions of years).
• Among investigated near-parabolic comets only C/2007 W1 seems to have an interstellar origin. This, together with Villanueva et al. (2011) findings that the abundance ratios of almost all important volatiles in C/2007 W1 are one of the highest ever detected in comets, makes this comet particularly unique.
• Prominent maximum of δ (1/a) is visible only for comets with q osc 3.1 au whereas for small perihelion comets the distribution of δ (1/a) is broad with no sharp peak (Fig. 9) .
• The number of comets leaving the Solar system as so called Oort spike comets is 14 per cent in the investigated sample (middle panels in Fig. 9 ) Moreover, about half of them (7 per cent of all, 33 per cent of qL sample) are comets with large perihelion distance (q osc 5.2 au). To say, that these comets will be Oort spike comets in the future is rather premature and the analysis of their future motion and next perihelion distance is necessary -this will be given in Part II of this study.
• In the sample of near-parabolic comets with small perihelion distances investigated by us so far (49 objects, among them 22 investigated in this paper) we have now 49 per cent of comets escaping in the future from the Solar system on barycentric, hyperbolic orbits. Since the similar value of 53 per cent is derived for the entire sample, we conclude that the small perihelion and large perihelion near-parabolic samples appear to be similar in this regard. However, more comets, especially these with q osc < 3.1 au need to be analysed by taking into account NG effects.
• We noticed a secondary peak between 0.0005 au −1 and 0.0006 au −1 in the distribution of 1/a fut (middle panels in Fig. 9 ). This corresponds to a local maximum between ∼1 700 au and 2 000 au for the future semimajor axes. Above the value of 0.0006 au −1 we observe a significant and fast decrease in the 1/a fut -distribution. A similar trend of decrease is observed around 0.0006 au −1 in 1/a ori -distribution for the sample of near-parabolic comets in MWC 08 (of first quality orbits).
